The quark-parton model calculation including the effects of intrinsic transverse momentum and of all six twist-two distribution functions of quarks in polarized nucleons is performed. It is demonstrated that new twist-two quark distribution functions and polarized quark fragmentation functions can be investigated in semi-inclusive DIS at leading order in Q 2 . The general expression for the cross-section of semi-inclusive DIS of polarized leptons on polarized nucleons in terms of structure functions is also discussed.
Introduction
Deep-inelastic scattering (DIS) of leptons on nucleons provides an excellent tool for probing the structure of nuclear matter. The leading-twist momentum and helicity distribution functions (DF) of quarks in nucleons, f 1 (x) and g 1 (x), have been intensively studied. There exists another independent leading-twist DF, h 1 (x) [1] , [2] , describing the transverse-spin distribution of quarks in a transversely-polarized nucleon. These DF's depend on longitudinal momentum fraction (x) carried by quark and are integrated over its intrinsic transverse momentum ( k T ). In contrast to chirally even DF's f 1 (x) and g 1 (x), the chirally odd DF, h 1 (x), cannot be measured in simple DIS because in this case transverse spin asymmetries are suppressed at high energies. It can be measured in the lepton pair production process in nucleon-nucleon collisions with both nucleons polarized transversely. To be sensitive to the transversity distribution, it is necessary that either the sea quarks are highly polarized or that polarized antinucleons are used. Thus, at present this experiment seems very difficult.
In semi-inclusive DIS (SIDIS) the transverse-spin DF can be probed if the transverse polarization of the struck quark is measured in some way. This "quark polarimeter" may be provided by an azimuthal dependence of the fragmentation function (FF) for transversely-polarized quarks [3] (Collins effect). Another possibility of quark polarimetry is based on the observed correlation of flavor and electric charge of the fragmenting quark and leading hadron. In Ref. [4] it was proposed to measure the transverse polarization of quarks by measuring the polarization of self-analyzing baryons from fragmentation. An investigation of the transversity distribution, h 1 (x), in SIDIS on transversely-polarized nucleons has been proposed by the HELP collaboration [5] .
Semi-inclusive DIS on a longitudinally-polarized target has been considered in Ref. [6] and [7] . It was proposed to measure asymmetries for production of different types of hadrons to get information about the flavor dependence of quark helicity DF in nucleons. This kind of measurements was already performed in the SMC experiment [8] and is planned by the HERMES collaboration [9] .
In theoretical calculations of polarized SIDIS the intrinsic transverse momentum of the quarks in the nucleon is usually ignored. For example in [10] the polarized SIDIS cross section integrated over final hadron transverse momentum ( P h T ) was considered, keeping higher twist DF and FF. Because the intrinsic k T was neglected and the integration over P h T was assumed, the target transverse-spin asymmetry in this case appears only at twistthree (∼ 1/Q). But, as was shown in Ref. [3] , the target transverse-spin asymmetry may exist at twist-two level in the azimuthal distribution of produced hadron. This asymmetry arises from the azimuthal dependence of transversely-polarized quark fragmentation and is sensitive to h 1 (x). The parton model picture of Ref. [3] is not symmetric in the sense that the transverse momentum of final hadron with respect to the scattered quark was taken into account but the intrinsic transverse momentum of the initial quark in nucleon was neglected.
It is known that even in unpolarized SIDIS the effect of intrinsic momentum can be significant [11] , [12] . For a polarized nucleon the situation is more complicated. As was shown in Ref. [1] and [13] for the nonzero k T case, the quark distribution in a polarized nucleon is described by six DF's already at twist-two (instead of three DF's when intrinsic k T effects are neglected). The three "new" DF's relate the transverse (longitudinal) polarization of the quark to the longitudinal (transverse) polarization of nucleon. Measurement of these DF's was proposed in the doubly-polarized Drell-Yan process. Their contribution to polarized DIS appears only at twist-three (∼ 1/Q) [14] .
The main subject of this article is the calculation of the polarized SIDIS cross section in the quark-parton model with nonzero intrinsic k T . The lay-out of this paper is as follows: section 2 contains the derivation and discussion of a general expression for the polarized SIDIS cross section in terms of structure functions, section 3 contains a description of the quark-parton model with intrinsic k T for polarized SIDIS, in the section 4 a final expression for the SIDIS cross section is derived assuming exponential dependence on transverse momentum of DF's and FF's, section 5 contains a short discussion and illustrates possible ways of experimental investigation of the effects of different DF's and FF's in polarized SIDIS and finally section 6 contains some concluding remarks.
Structure functions for polarized SIDIS
Inelastic scattering of polarized leptons on polarized nucleons l + N → l ′ + N ′ + π was considered a long time ago by Dombey [15] . For polarized SIDIS, Gourdin [16] has counted the number of structure functions and derived some constraints on them from the requirement of positivity. To derive a general formula for the cross section these authors used the decomposition of the hadronic tensor into scalar structure functions corresponding to different polarizations of the virtual photon and target.
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In this section I follow the method used in [15] and [16] and present explicit formulae for polarized SIDIS cross-sections.
The Feynman diagram describing this process in the one-photon exchange approximation is depicted in Fig. 1 . The standard notation for DIS variables is used: l(E) and l ′ (E ′ ) are the momenta (energies) of the initial and final lepton; θ l and φ l lab are the scattered electron polar and azimuthal angles in the laboratory frame; q = l − l ′ is the exchanged virtual photon momentum; θ γ is the virtual photon emission angle; P is the target nucleon momentum; P h (E h ) is the final hadron momentum (energy);
For the cross-section one has
Here the leptonic tensor is given by QED:
where λ is the initial lepton helicity (| λ |≤ 1).
The hadronic tensor in (1) is defined by
where S is the target nucleon polarization. The hadronic tensor can be decomposed into a spin-independent (W (0) µν ) and a spindependent (W (S) µν ) part:
For a spin-
µν has to be linear in S:
Note that, since S is a pseudovector, W µνρ is a pseudotensor. It is convenient to consider the hadronic tensor decomposition in terms of structure functions in the target laboratory frame, with the z-axis chosen in the virtual photon momentum direction and the x-axis along the final hadron transverse momentum P h T (see Fig. 2 ). This reference system is referred to as the laboratory gamma-hadron frame (LGHF). To pass to this reference frame one has to perform three rotations: 1) Rotation around the initial lepton momentum by an angle φ l lab , to pass to the lepton scattering plane.
2) Rotation around the normal to the lepton scattering plane by an angle −θ γ , defining a new z-axis coinciding with the virtual photon momentum direction. This often-used reference frame will be called the laboratory gamma-lepton frame (LGLF).
3) Rotation around the new z-axis by the azimuthal angle of the produced hadron (φ h l ), defining a new x-axis coinciding with the produced hadron transverse momentum direction.
For the following it is important to note that, by definition,
One of the advantages of the LGHF is that the hadronic tensor in this frame is independent of the relative azimuthal angle between the lepton and hadron planes (φ
To decompose the hadronic tensor into scalar structure functions the following complete basis for polarization vectors of the virtual photon (ǫ µ ) and nucleon (e µ ) is chosen in the laboratory frame: 
Now, expanding both parts of the hadronic tensor over the complete basis of polarization vectors,
one has
where
can be treated as a virtual-photon polarization density matrix. Using (7) one can express the scalar structure functions as
3 Everywhere in this article unit vectors are denoted by a hat:ˆ a = a/| a|. 4 Of course, this decomposition can be performed in a Lorentz invariant form.
Let us consider the restrictions imposed by the invariance properties of W µν [16] : -current conservation ⇒ structure functions with a = 3 or b = 3 are equal to zero, -parity conservation ⇒ H 
222 . In the general case these structure functions depend on four variables Q 2 , ν , z and P h2 T .
The lepton momenta in the LGHF have the form:
with
By our choice of reference system the dependence on azimuthal angle φ l h is completely contained in the leptonic tensor. For
2 , one also has the hermiticity property L ab = L ba * and from (2), (10) and (12) it follows that
describes the virtual-photon polarization.
One can see that all "memory" of the scattered lepton azimuthal angle, φ l h , is contained in the polarization density matrix of virtual photon when SIDIS is described in the LGHF.
Finally, for the product of the hadronic and leptonic tensors we get 
and S γl is related to the target polarization in the laboratory frame by
where S L lab and S T lab are the nucleon spin longitudinal and transverse components with respect to initial lepton momentum.
Note that in (16)- (18) the dependence of the polarized SIDIS cross section on target spin components and produced hadron azimuthal angle is expressed in explicit form. In principle, it is possible to separate the different structure functions contribution by using a "Fourier analysis" on φ h l for different beam and target polarizations as was done for the unpolarized case in Ref. [12] .
Let us now consider the cross section expression in the LGLF
and integrate it over φ h l . One gets
It is interesting to note that, due to the presence of the third term in the rhs of the last equation, when integrated over φ h l , the cross section can still have a single target-spin asymmetry. Furthermore integration over P h 2 T and z has to give us the polarized DIS cross section times the mean hadron multiplicity ( n h (x, Q 2 ) ). One can show that by integrating over the produced hadron phase space, the first and last two terms in (22) precisely reproduce the exact formula for the polarized DIS cross section, given for example in Ref. [18] , and that the following kinematical sum rules hold:
are the structure functions entering in the spin-independent and spin-dependent part of the polarized DIS cross section.
As is well known, a single target-spin asymmetry is forbidden in simple DIS by time reversal invariance. This means that the following "sum rule" holds:
Thus, one can have a single target-spin asymmetry in a SIDIS cross section integrated over φ h l , which disappears after integration over P h 2 T and z. This observation will be confirmed in the simple quark-parton model. asymmetries in the relative azimuthal angle φ h l . The EMC experiment [12] found an azimuthal asymmetry at the level of up to 15-20%, which arises mainly from the effects of the intrinsic k T of the struck quark with k 2 T ≥ (0.44GeV ) 2 . Here I generalize the calculation of Ref. [11] to the polarized SIDIS process. Calculations will be performed in the electron-quark scattering Breit-frame (BF) (Fig. 3) , which can be reached from the LGLF by a Lorentz boost along the z-axis. The azimuthal angle, φ h e , remains unchanged under this transformation, and, for the virtual photon four-momentum, we have q µ = (0, 0, 0, Q). In the following calculations the terms ∼ 1/Q 2 are neglected. In this approximation the lepton and quark (k, k ′ ) four-momenta in the BF are given by:
whereˆ l T = (1, 0) is the unit transverse two-vector in the lepton transverse momentum direction. Note that because of a nonzero k T , the electron and the quark scattering planes do not coincide in general (see Fig. 3 , where the angle between these planes is denoted by φ q l ). In the quark-parton model the description of the SIDIS process is similar to that of double scattering experiments, in which the polarization of the particle produced after the first scattering is measured. To calculate the cross section one has to know:
1) the description of the initial quark state, 2) the noncoplanar polarized l + q → l ′ + q ′ scattering cross section, 3) the description of the polarized quark fragmentation.
The initial quark state.
The polarization of free quarks is most clearly described by the density matrix of partially polarized fermions, which in the ultrarelativistic case takes the form [19] 
where s L and s T are the longitudinal and transverse (with respect to quark three-momentum k) components of twice the quark polarization vector in its rest frame, s
For the initial quark state in the nucleon one has to use, instead of (2), the following expression:
are the probability, longitudinal and transverse polarization distributions. They can easily be found from the density matrix by calculating the appropriate trace
At first sight, it seems that presence of the intrinsic transverse momentum of the quark can not give a sizable effect on the spin distribution. Consider, for example, a transversely-polarized quark in the quark-parton model. In this case the projection of quark polarization vector onto the nucleon momentum direction is proportional to k T /k = 2k T /Q, and one might conclude that the contribution of the quark transverse polarization to the nucleon longitudinal polarization is suppressed at high Q 2 . However, the nucleon polarization has to be calculated in its rest frame, and the factor 1/Q will disappear after a Lorentz transformation to nucleon rest frame.
Consider a simple example for spin transfer from a polarized nucleon to a quark. Let A µ and a µ be the polarization four-vectors of the nucleon and the quark in the frame where the nucleon has large momentum (for example in the BF), and suppose that they are related by a 0 = αA 0 , a 3 = αA 3 , a 1 = βA 1 and a 2 = βA 2 , with
where S is the nucleon polarization in its rest frame and P N (E N ) is the momentum (energy) of the nucleon in the BF. Now one can calculate the quark polarization in its rest frame ( s) assuming that m q = xM. After rotation of the coordinate system of the BF and a Lorentz boost along the quark momentum one gets:
Thus, in this "toy" parton model, the longitudinal spin of the quark receives two contributions: from both the longitudinal and transverse spin of the nucleon. It is important to note that neither of these contributions is suppressed at high Q 2 . The same behavior is true for the transverse spin of the quark.
General consideration of the quark DF in a polarized nucleon in the case of nonvanishing k T has been done by Ralston and Soper [1] and recently by Tangerman and Mulders [13] . They have found that at the leading twist one needs six independent DF's depending on x and k
are given by [13] 
where m D is an unknown mass parameter, S L and S T are the nucleon longitudinal and transverse polarization with respect to its momentum. The "new" DF's have clear physical interpretation: for example, g 1T describes the quark longitudinal polarization in a transversely-polarized nucleon. It is important to notice that due to this DF even the initial quark longitudinal spin distribution in a polarized nucleon exhibits an azimuthal asymmetry.
Noncoplanar polarized
Using standard methods of QED [19] , it is easy to calculate the cross section of a polarized lepton scattering on a polarized quark in the one-photon approximation:
Here, e i is the electric charge of the quark in positron charge units, s ′ L is the parameter describing the longitudinal spin component of the final quark and s ′ T is four-vector describing its transverse spin; s, t and u are the usual Mandelstam variables given by
Note that for noncoplanar l + q → l ′ + q ′ scattering s and u depend on the relative azimuthal angle between the quark and lepton scattering planes, φ q l , and kinematical corrections of order 1/Q will arise due to this dependence.
The transverse polarization four-vectors of the quarks in the BF in this approximation are
Substituting (29) and (30) into (28) the following expression for the cross section is obtained:
The final quark polarization according to the general rules (see [19] , §65) is given by
From (32) and (33) one can see that the final quark can be transversely polarized only if the transverse polarization of the initial quark is not equal to zero. The sideways (D ss ) and normal (D nn ) transverse spin transfer coefficients to leading order in 1/Q are given by
The azimuthal angle of the final quark transverse spin (φ ′ S l ) in this approximation is very simply connected with that of the initial quark (φ S l ):
For unpolarized leptons, expression (34) coincides with the depolarization factor in Ref. [3] .
Note also that, in contrast with transverse polarization, the longitudinal polarization of the final quark is not equal to zero even if the initial quark is unpolarized but the initial lepton is longitudinally polarized.
For the final quark state before fragmentation, one can now write the density matrix as
One can see that the final quark state has an azimuthal asymmetry in the relative angle between the lepton and quark scattering planes, φ q l . Part of this asymmetry has a kinematical origin, as the third term in the expression for a in (32). The azimuthal asymmetry in unpolarized SIDIS arises from this term [11] . But there also exist terms reflecting the azimuthal anglular dependence of the initial quark distributions, which are not suppressed at high Q 2 .
Polarized quark fragmentation.
In analogy with the quark probability distribution in the nucleon one can write the probability of producing a hadron, h, in the polarized quark fragmentation as
where F (z, P h q T ) is the polarized quark fragmentation function, depending on z = E h /E q ′ and the hadron transverse momentum with respect to the final quark momentum P h q T = P h T − z k T . This FF can be presented as a sum of spin-independent and spin-dependent parts [3] .
where m F is another unknown mass parameter. The two terms on the rhs of equation (40) are the only ones allowed by parity invariance. Calculating the trace in (37) one gets
where φ col is the angle between P h q T and the final quark transverse polarization. In contrast to the ordinary FF, F (0) (z, P 2 T ), the spin-dependent part of the polarized quark FF, F (S) (z, P 2 T ), or, in other words, the analyzing power of polarized fragmentation, has never been measured.
Results
In this section the polarized SIDIS cross section is calculated taking into account all six twist-two quark DF's and the Collins effect in polarized quark fragmentation. Kinematical corrections of order 1/Q also are kept.
To calculate the cross section one has to integrate over k T and sum over all quark and antiquark types the probability of hadron production in final quark fragmentation (the initial quark probability distribution and l + q → l ′ + q ′ scattering cross section is already included in the final quark density matrix):
2 T dφ q l and φ q l is the quark azimuthal angle in the BF. This integration can be performed analytically if one supposes that the transverse momentum dependence in the DF's and FF's may be written in factorized exponential form:
Here the index
enumerates the different DF's. The width of transverse momentum distribution for each distribution (fragmentation) function
After some calculations the final result looks like:
where the contributions to unpolarized, double (beam and target) and single (target only) polarized parts of the cross section are given in the following three formulae.
Here the following notation has been adopted
One can check that both the φ h l and y dependence of the parton model result (42)-(45) exactly coincide with that required by the general structure function analysis of section 2.
Integrating (43)-(45) over hadron azimuthal angle one gets
As is clear from the last equation, even when integrated over hadron azimuthal angle, the SIDIS cross section can still have a single target spin asymmetry. Further integration over hadron transverse momentum gives
Using definitions (46), one can check that expressions in the square brackets on the rhs of the last equation are equal to zero. Thus, in the quark-parton model the single-spin asymmetry disappears already after the P h T -integration, and sum rule (22) holds. Finally, let us multiply the two first equations in (48) by z, integrate over z and sum over final hadron types. Using the well-known momentum sum rule,
the following relations between polarized DIS structure functions and quark DF's are established:
The last equation in (50) shows that both the "longitudinal", g 1L (x, k 2 T ), and "transverse", g 1T (x, k 2 T ), parts of the quark longitudinal-spin distribution give a twist-two contribution to the g DIS 2 (x, Q 2 ). This result with quark mass and higher-twist corrections has been found by Tangerman and Mulders (see eq. 2.29 in Ref. [14] and the discussion therein).
Discussion
In section 4 the cross section for the production of a single unpolarized hadron was calculated. However, with a parton model expression (36) for the polarization density matrix of the final quark, one can also calculate the cross sections for the production of polarized self-analyzing baryons or multi-hadron states (double-particle Collins effect, handedness, ...).
To investigate transverse spin distributions, it seems more convenient to use an unpolarized lepton beam and a polarized target because, in this case, six of the structure functions in (18) do not contribute to the cross section, i.e., C DP = 0 in the parton model.
I would like to make several remarks here. In the parton model calculations of section 4, terms ∼ 1/Q have been kept. In general to get self-consistent results to this order in 1/Q one has to take into account also firstorder QCD radiative corrections and twist-three DF's and FF's. However, as one can conclude from the EMC data analysis [12] , the most important contribution to azimuthal dependence comes from kinematical effect of the intrinsic transverse momentum (eq. 43), as calculated by Cahn [11] .
In some articles concerning polarized DIS and SIDIS only f 1 (x), g 1 (x) and h 1 (x) are considered. They are related to the DF's used in section 3 by k T -integration
The DF's g 1T (x) and h 1L (x) do not give contributions to g 1 (x) and h 1 (x). However, the nonperturbative effects of intrinsic transverse momentum play an important role for polarized SIDIS when dependence on azimuthal angle of the produced hadron is considered. First of all, even in the zeroth approximation in 1/Q, all six twist-two DF's contribute to the cross section in this case and the dependence on the produced hadron azimuthal angle, though explicitly calculable, is rather complicated.
The quark-parton model calculations of Ref. [3] , [6] and [7] has been performed, neglecting the effects of quark intrinsic transverse momentum. This corresponds to a δ( k) distribution for intrinsic k T or, in our notation, to a J = 0 and so α I would like to stress here that, in contrast to parton model result for the azimuthal asymmetry in unpolarized SIDIS [11] , in the case of polarized SIDIS, the azimuthal dependence appears at leading order in Q 2 . Thus, in polarized SIDIS there are not only ∼ 1/Q effects of kinematical origin (as in the unpolarized case) but also leading ones coming from the azimuthal dependence of the initial quark distribution and/or polarized fragmentation. Suppose for example that the polarized part of the FF is equal to zero. Then C SP = 0, but one can still have a leading-order azimuthal asymmetry in the second term of the rhs of (44) due to the nonzero longitudinal spin of the initial quark in the transversely-polarized nucleon (if g 1T = 0).
Examples of the target spin asymmetries.
Suppose that the SIDIS cross section is measured for different beam helicities and target polarizations. Then, using the specific forms of the φ For example, consider the case of a longitudinally-polarized (in the laboratory frame) lepton and target. The target longitudinal polarization asymmetry with fixed lepton beam helicity, defined as
to zeroth order in 1/Q is given by
where the contribution of different DF's and FF's are:
As is clear from(54), one can separate the contributions of C [8] . Analogously one can consider the target transverse polarization asymmetry with a fixed helicity of the lepton beam, defined by
In the zeroth order on 1/Q 
In this way it seems feasible to investigate the twist-two DF, g 1T , already with existing SMC semi-inclusive data [21] 7 on a transversely polarized nucleon. As it is clear from the preceding examples, with a sufficient amount of experimental data it is possible to separate the contributions of the different DF's and FF's by considering appropriate asymmetries in different bins of φ h l and φ S l or using the Fourier-analysis method. It is also possible to perform a flavor analysis, as proposed in Ref. [5] - [7] , by measuring SIDIS asymmetries on proton and deuteron targets for different types of final hadron.
Unfortunately, there are no measurements or theoretical calculations of the "new" DF's g 1T , h ⊥ 1T and h ⊥ 1L or the polarized part of the FF's, and numerical estimation of different asymmetries in polarized SIDIS is now impossible.
Conclusions
In this paper polarized SIDIS has been considered in the quark-parton model with a nonzero intrinsic k T , taking into account all six leading-twist DF's and the Collins effect in the FF's and keeping kinematical corrections of order ∼ 1/Q. It is shown that already at zeroth order in 1/Q the effects of intrinsic k T are not negligible: all six twist-two DF's with the polarized part of the FF's give contributions to the azimuthal dependence of the cross section. A study of appropriate asymmetries in polarized SIDIS will allow an investigation of the different DF's and FF's at twist-two. It is possible to start this type of analysis already with existing SMC semi-inclusive data.
It was also noticed that a single target-spin asymmetry (with an unpolarized lepton beam) can exist in the SIDIS cross section when integrated over final hadron azimuthal angle. In the quark-parton model this asymmetry is of order 1/Q, and disappears after P h 2 T integration.
New polarized SIDIS experiments like thoss proposed by the HELP and HERMES collaborations will certainly be very instructive for the investigation of the new DF's and FF's.
